Catechol-O-methyltransferase (genetic locus, COMT) is a major enzyme involved in catecholamine metabolism and has been associated with numerous psychiatric phenotypes. We studied COMT SNPs and haplotypes in cocaine-induced paranoia (CIP) in African-American (AA) and European-American (EA) populations. We genotyped 17 SNPs across the COMT locus in 319 AA pedigrees (848 individuals) and 302 EA pedigrees (707 individuals). Family-controlled association analyses were conducted using FBAT. We found SNP rs737865 to be nominally significantly associated in the AA family population (p=0.05). In EAs, the best-known marker, rs4680 (Val158Met), was nominally significant in additive models (p=0.03). SNP rs174696 also showed nominal significance in additive models (p=0.02). We considered the 3 SNPs (rs737866-rs4680-rs174696) together in haplotype analysis in both family populations, using HBAT. The A-A-T haplotype was significantly associated with CIP in EAs (Z=2.845; p=0.0044, global p=0.020). We then studied COMT SNPs in an additional 738 AA and 404 EA unrelated cocaine dependent individuals with and without paranoia. The A-A-T haplotype was significantly associated to CIP in the AA unrelated population (p=0.0015). Two haplotypes, A-G-C and A-A-C, 
Introduction
Catechol-O-methyltransferase (COMT) plays a major role in brain catecholamine metabolism by catalyzing the transfer of a methyl group from S-adenosyl-methionine (SAM) to catecholamines. COMT maps to chromosome 22q11.21-q11.23, a region of particular interest because it is frequently included in the velocardiofacial syndrome (VCFS) deletion region (Grossman et al. 1992 ) Numerous genetic associations have been reported to several single nucleotide polymorphism (SNPs) or haplotypes at the COMT locus. These include VCFS-related traits (Bearden et al., 2005; Bearden et al.,2004; Gothelf et al., 2005; Gothelf et al.,2006; Lachman et al., 996) , schizophrenia (Lachman et al., 1996; Shifman et al., 2002) , anxiety-related personality traits (Stein et al., 2005) , pain sensitivity (Diatchenko et al., 2005; Nackley et al., 2006) , psychological stress response (Jabbi et al., 2007) , and nicotine dependence (Beuten et al.,2006; Guo et al., 2007) , among other traits. COMT haplotypes code for varying COMT enzymatic activity (Diatchenko et al., 2005) , and associate with variation in mRNA structure and stability (Nackley et al., 2006) .
Cocaine is an addictive drug that blocks the synaptic reuptake of catecholamines and serotonin. Its addictive properties are thought to result primarily from its dopamine transporter blocking activity, which leads to dopamine accumulation in the synaptic cleft contributing to the potent reinforcement produced by the drug. In addition to experiencing compulsive cocaine use, cocaine users often report psychiatric symptoms, among the most prominent of which is cocaine-induced paranoia (CIP). Paranoia has been estimated to occur in as many as 68-84% of cocaine dependent patients (Morton, 1999; Satel et al., 1991) . In a study evaluating CIP risk in part of the present sample, Kalayasiri et al (Kalayasiri et al., 2006a) reported that 273 of 420 cocaine-dependent probands (65%) experienced paranoia related to cocaine use. CIP risk may be related in part to the higher levels of synaptic dopamine produced by cocaine. Previous studies have suggested that a haplotype in the gene encoding another enzyme involved in dopamine metabolism, dopamine β-hydroxylase (DBH), is associated with low plasma enzyme activity and CIP (Cubells et al., 2000) . In addition, a major functional variant at DBH (-1021C→T) (Zabetian et al., 2001 ) is associated with self-reported paranoia during cocaine self-administration (Kalayasiri et al., 2006b ). Lohoff et al. (2008) reported an allelic and haplotypic association between COMT and cocaine dependence in individuals of African descent. The aim of our study was to examine potential functional variation at the COMT locus in CIP in both European-Americans (EAs) and African-Americans (AAs) by using SNP-haplotype analysis and identifying possible signatures of positive natural selection. These families were recruited for genetic linkage studies of cocaine or opioid dependence Gelernter et al, 2006) . (The first of these studies also identified a significant genetic linkage of CIP to markers on chromosome 9.) On the basis of COMT single SNP analysis, we found several nominallysignificant associations. In addition, the rs737866-rs4680-rs174696 haplotype showed significant association in EA families and in both EA and AA unrelated populations. Haplotype A-A-T was associated with CIP in EA families and in unrelated AAs. The A-G-T haplotype frequency differed significantly only in male EA unrelateds based on the presence of CIP.
Materials and methods

DNA samples
319 AA pedigrees (848 persons, counting ungenotyped progenitors) and 302 EA pedigrees (707 persons, also counting ungenotyped progenitors) were recruited from 4 sites: Yale University School of Medicine (Yale; APT Foundation; New Haven, CT), University of Connecticut Health Center (UConn; Farmington, CT), McLean Hospital (Harvard Medical School; Belmont, MA), and Medical University of South Carolina (MUSC; Charleston, SC). These families were recruited on the basis of containing at least one affected sibling pair for cocaine or opioid dependence; additional relatives were recruited where possible Gelernter et al., 2006) . Probands with a clinical diagnosis of a major psychotic illness (schizophrenia or schizoaffective disorder) were excluded. Most subjects had comorbidity with other substances such as tobacco, opiates, or alcohol (Table 1) . Nicotine dependence was the most common comorbid substance dependence. Additional unrelated self-identified AA (n=738; male 58% and female 41%) and EA (n=404; male 57% and female 43%) subjects were recruited at Yale, UConn, MUSC and UPenn (University of Pennsylvania School of Medicine). Only significant haplotypes derived from family-based analysis were selected for replication in unrelated subjects.
All subjects were interviewed using the Semi-Structured Assessment for Drug Dependence and Alcoholism (SSADDA) Pierucci-Lagha et al., 2005) . A diagnosis of cocaine dependence was based on DSM-IV criteria, and CIP was defined by an affirmative answer to the question "Have you ever had a paranoid experience when you were using cocaine?" CIP is defined only in the context of cocaine use and most CIP subjects meet criteria for cocaine dependence as well. The overall reliability of this assessment of CIP is excellent (κ = 0.87) (Gelernter et al., 1994; Gelernter et al, 2005; Kalayasiri et al., 2006a) . More information on the study sample is reported in Table 1 .
For the study of selection, unrelated self-identified AA and EA subjects, screened by SSADDA to exclude psychiatric illness, were recruited at Yale University School of Medicine, University of Connecticut Health Center, and Medical University of South Carolina. All subjects provided informed consent as approved by the appropriate institutional review boards.
SNP genotyping
Most of the family DNA samples were obtained from immortalized cell lines, but some samples were directly extracted from blood or saliva. A total of 17 SNPs across the COMT gene were genotyped in all samples in the family-based study ( Table 2) . Locations of all SNPs are presented in Figure 1 . Fifteen of these SNPs (all except rs737865 and rs165599) were genotyped in the set of unrelated individuals. In the samples obtained from families, we genotyped 3 SNPs, rs737865, rs4680 and rs165599, by TaqMan 5′ nuclease assay available through Applied-Biosystem's Assay-On-Demand service (Applied Biosystems, Foster City, CA). PCR amplifications were conducted using 2 ng of DNA, 1× TaqMan universal PCR master mix (Applied Biosystems, Foster city, CA), and 0.5× SNP genotyping assay mix (Applied Biosystems, Foster city, CA). PCR conditions were as follows: denaturation step of 95°C for 10 min, followed by 65 cycles of at 95°C for 15 sec and 60°C for 1 min. Amplification was performed on PTC-200 cyclers (MJ Research, Hercules, CA) and data were analyzed using the ABI Prism 7900HT Sequence Detector System and software version 2.1 (Applied Biosystems, Foster City, CA). All samples were run in duplicate for quality control purposes; discordant genotypes were discarded. In family and unrelated samples, 15 SNPs (including rs4680, genotyped by both methods) were genotyped by means of a customized Golden Gate SNP array (Illumina, San Diego, CA). For general quality control for this array, 11.5% of all samples were genotyped in duplicate, with no mismatches observed between the two assessments. Based on comparison of the duplicate runs (TaqMan 5′ nuclease and Illumina array genotyping) in 1586 samples, the mismatch rate for rs4680 was 0.19%.
Statistical analysis
CIP study-LD patterns at the COMT locus in EA and AA individuals from the familybased set of subjects were analyzed by HAPLOVIEW version 3.2 (Barrett et al., 2005) . Tests of single SNP association with CIP were performed using FBAT (Family-Based Association Tests) (Horvath et al., 2001) . HBAT (Haplotype-Based Association Tests) (Horvath et al., 2004) was used for haplotype analysis by focusing on SNPs that yielded a pvalue ≤0.05 in single-SNP analyses in each population. We ran SNPSpD using all family members and the approach of Li and Ji (Li and Ji, 2005) to ensure an experiment-wide significance threshold of 5% to control type I error.
The chi-square test was used to compare allele, genotype and haplotype frequencies between groups of unrelated cocaine dependent individuals with and without paranoia. PHASE version 2.1 (Stephens and Scheet, 2005; Stephens et al., 2001) , was also used to reconstruct haplotypes for each group.
Selection study-Haplotypes were reconstructed from genotypes using PHASE. A region spanning SNPs 2 through 5 (rs933271, rs5993883, rs739368, and rs740603) of the 15-SNP haplotype was chosen as a core from which to evaluate patterns in homozygosity. This was chosen as a core because the most common 15-SNP haplotype in EAs contains the derived allele state at rs933271, rs5993883, and rs740603. The web-based Extended Haplotype Homozygosity Calculator and Plotter (Mueller and Andreoli, 2004 ) was used to examine the decay of homozygosity for haplotypes of the core. Sweep software (Sabeti et al., 2002 ) was used to calculate Relative Extended Haplotype Homozygosity (REHH).
Results
COMT LD patterns in African-American and European-American families
Allele frequencies for the 17 SNPs are presented in Table 2 . Low frequency SNPs (minor allele frequency <10%), including rs11569715 (marker 7), rs11569720 (marker 8), rs3218737 (marker 9) and rs5031015 (marker 11)m were excluded from family-based analyses in both AAs and EAs and rs739368 (marker 5) was excluded only from the EA family-based analysis. The LD structure of the COMT gene reconstructed by family-based SNP data set using HAPLOVIEW program (Barrett et al., 2005 ) is presented in Figure 2 . According to the criteria of Gabriel et al. (2002) , there were three and two small blocks of LD (less than or equal to 1 kb) observed in AA and EA family populations, respectively. The first block is found only in AAs, and it spans rs5993883 (marker 4) and rs739368 (marker 5). The second LD block spans rs4680 (marker 12) and rs4646316 (marker 13) in AAs, but rs2239393 (marker 10) and rs4680 (marker 12) in EAs. The third LD block, observed in both populations, spans rs9332377 (marker 16) and 165599 (marker 17).
Family-based single SNP association
With the exclusion of rs11569715 (marker 7), rs11569720 (marker 8), rs3218737 (marker 9), and rs5031015 (marker 11) in AA family individuals, thirteen SNPs were included in the association analyses. Twelve SNPs were included in the EA families due to the exclusion of these and one additional SNP, rs739368 (marker 5). As shown in Table 2 , rs737865 (marker 2) was nominally significantly associated with CIP only in the AA families (p=0.05). In the EA families, rs4680 (marker 12) and rs174696 (marker 14) showed nominal significance (p=0.03 and p=0.02, respectively). Rs737866 (marker 1) was nearly nominally significant only in AAs (p=0.06) and was nominally significant (p=0.02) in the dominant and recessive models in EAs (data not shown).
Family-based haplotype association
In AA families, only rs737865 was nominally significant; however, three SNPs gave nominally significant (or nearly so) results in EA families: rs737866, rs4680 and rs174696. Therefore, we applied haplotype analysis to the combination of those three SNPs in both family populations. Bonferroni correction for a total of 8 haplotypes yields a significance threshold of p<0.00625. The A-A-T haplotype in the EA family population was significant in the additive model (Z=2.845; p=0.0044; Table 3 ). In the AA family population, the G-G-T haplotype was significant in the additive (Z=-3.188; p=0.0014) (Table 3) . However, the global p-value was significant only in EA families (p=0.020).
Association in unrelated individuals
We then performed haplotype analysis in additional unrelated EA and AA cocainedependent individuals, comparing subjects with and without CIP. Both populations showed global significance (p=0.017 in AAs and p=0.0001 in EAs). The frequency distribution for haplotype A-A-T differed significantly between CIP+ and CIP-unrelated AA subjects (p=0.0015 in all subjects, p=0.0004 in males only). Haplotypes A-G-C and A-A-C were significantly different by CIP status in both sexes in EA unrelateds (p=0.0010 and p=0.0003, respectively). The frequency distribution of the A-G-T haplotype was significantly different by CIP status after Bonferroni correction only in male EA unrelateds (p=0.0022) (Table 4 and Supplementary material).
Selection Study
The most common reconstructed haplotype extended across all 15 SNPs in EAs (haplotype frequency 15%) and the second most common in AAs (haplotype frequency 4%) includes the derived rs4680 Met allele but also the derived alleles at three other SNPs (rs933271, rs5993883, and rs740603). The most common 15-SNP reconstructed haplotype in AAs (haplotype frequency 6%) contains the four ancestral alleles at the same loci. In EAs, this haplotype (i.e., the most common AA haplotype) has a frequency of 3%.
Although we did not find high linkage disequilibrium in this region overall, for a core region spanning these three additional markers in EAs we found higher Relative Extended Haplotype Homozygosity (high LD extending from a high frequency haplotype -a departure from neutrality) for the three-derived-allele haplotype than for the three-ancestralallele haplotype. In AAs, we found the opposite effect.
Discussion
We found an association between COMT haplotypes and CIP. Numerous previous studies of psychiatric disorders and related phenotypes have demonstrated associations with this gene, most commonly with the nonsynonymous Val108/158Met variant (rs4680). This common functional variant was reported to associate with neurocognitive phenotypes hypothesized to be regulated by dopamine in the prefrontal lobe during working memory in schizophrenic patients and controls (Egan et al., 2001; Meyer-Lindenberg et al., 2005) . Shifman et al. (2002) reported a highly significant association between a COMT haplotype (rs737865-rs4680-rs165599) and schizophrenia. Bray et al. (2003) demonstrated that this haplotype is associated with lower expression of COMT mRNA in postmortem human brain tissue; much of this effect was from SNP rs165599. Chen et al (2004) found a small effect of rs209603, a SNP at the P2 promoter region of MB-COMT, on COMT enzyme activity. A two-SNP haplotype (rs2097603-rs4680) and a 3-SNP combination (rs2097603-rs4680-rs165599) were reported to have a strong impact on prefrontal memory response (MeyerLindenberg et al., 2006) . In addition, other haplotypes (rs740603-rs4680-rs174699 and rs933271-rs4680-rs174699) showed sex-specific effects for nicotine dependence in AA and EA populations (Beuten et al., 2006) . Another study (Lohoff et al, 2008) reported association between haplotype rs737865-rs4680 and cocaine dependence in a primarily African-ancestry population (Lohoff et al.,2008) . These SNPs map close to our significant haplotype; rs4680 forms part of the haplotype for which we observed the most interesting results also. Our observations in the EA population were consistent with the study by Stein et al. (Stein et al., 2005) who found an association of COMT variants with the personality traits of neuroticism and extraversion. However, there is no haplotype that has been consistently studied and shown to be associated to these phenotypes. It is clearly the case that Val108/158Met is not the only important functional variant at this locus.
When we considered reconstructed haplotypes composed of 3 SNPs (rs737866-rs4680-rs174696), we found significant haplotypic association with CIP in EA families, and in EA and AA unrelated populations. Different haplotype frequencies in these two populations could explain the distinct association results. However, the A-A-T haplotype associated across EA families and the AA-case-control sample. Our EA family and EA and AA unrelated groups in this study contain variable proportions of affected individuals (53% and 52% in the EA and AA families, respectively, and 68% and 70% in the EA and AA unrelated populations, respectively). Occult population stratification is another possible concern in the unrelated samples. Nonetheless, the sample sizes are reasonably large, providing good statistical power, and the findings are generally consistent across samples and population groups. Additional replication is, however, desirable.
Additionally, we searched for potential functional variants in COMT by identifying possible signatures of positive natural selection. The three derived alleles in the most common EA15-SNP haplotype, in addition to rs4680 (Val108/158Met), may be functional variants, and are candidate risk loci for behavioral phenotypes where the Val108/158Met polymorphism has been implicated but does not fully explain phenotypic variation. We studied the decay over distance of haplotype homozygosity from a core haplotype of these three SNPs within the larger 15-SNP haplotypes. Under neutral conditions it is expected that haplotype frequency is a function of haplotype age; older haplotypes will be higher in frequency than those that have arisen recently. It is also expected that recombination, over time, will result in decreased homozygosity with increasing distance from a core haplotype. Natural selection may explain the departure from neutrality seen in a high frequency core haplotype for which homozygosity has been maintained rather than broken down by recombination relative to other core haplotypes. The SNPs we identified in COMT for which the derived alleles make up a high-frequency haplotype with relatively greater homozygosity than other EA haplotypes are good candidates to contain functional SNPs, although they did not show significance in single SNP association analysis in this study. As in the haplotype association analysis in this study, patterns seen were population-specific.
It is a reasonable conjecture that dopamine metabolism may be related to CIP. A VNTR polymorphism in the dopamine transporter gene (SLC6A3) and variants in the dopamine β-hydroxylase gene (DBH) have previously been shown to be associated with CIP (Cubells et al., 2000; Gelernter et al., 1994; Kalayasiri et al., 2006b ). The dopamine transporter protein directly regulates the concentration of dopamine in the synaptic cleft by reuptake to the presynaptic neuron. The enzyme dopamine β-hydroxylase converts dopamine to norepinephrine. The COMT enzyme plays a role in the same pathways by metabolizing dopamine and norepinephrine. Therefore, the association of COMT with CIP is mechanistically consistent with earlier reports by virtue of having an impact on dopaminergic and noradrenergic neurotransmission. This study identifies a third important enzyme in catecholamine metabolism that may be related to CIP, and this should aid in our understanding of the pathophysiology of this trait.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Pairwise LD of COMT gene in African-American (AA) and European-American (EA) families. AAs showed three short blocks and EAs showed two short blocks. Numbers 1 to 17 represent SNPs correlating with rs number in Table II across COMT gene. All COMT exons (the dark box represents coding region and the clear box represent the noncoding region; 3′ and 5′ UTR) shown in the center of picture include the position of the 17 SNPs genotyped in this study. From haploview, the bright red box represents D′ = 1 and LOD = 2, shades of pink/red represent D′ < 1 and LOD = 2, blue represents D′ = 1 and LOD < 2, and white represents D′ < 1 and LOD < 2. A core region of SNPs 2-5 within the 15-SNP haplotype includes rs933271, rs5993883, rs739368, and rs740603. The two populations display opposite patterns of homozygosity and frequency of haplotypes. The haplotype in which alleles are derived for rs933271, rs5993883, and rs740603 (T-T-C-A) is the most common in EAs and also has higher homozygosity than the three ancestral allele haplotype (C-G-C-G). The three derived allele haplotype is less common than the three ancestral allele haplotype in AAs and also has lower homozygosity. Graphics produced using the web-based Extended Haplotype Homozygosity Calculator and Plotter (http://ihg.gsf.de/cgi-bin/mueller/webehh.pl). Relative extended haplotype homozygosity (REHH) calculated with Sweep software (http:// www.broad.mit.edu/mpg/sweep/index.html) for EA and AA samples. REHH measures the comparative decay of homozygosity for one haplotype among haplotypes of a given core. The 15-SNP haplotypes compared have, for a core region of SNPs 2-5, either derived or ancestral alleles for the core SNPs. Table 2 Allele frequencies and additive model p-values of family-based associations between single SNP and cocaine-induced paranoia in African-American (AA) and European-American (EA). 
